This study lists material composition data for two concentrating solar power (CSP) plant designs: a molten-salt power tower and a hypothetical parabolic trough plant, both of which employ a molten salt for the heat transfer fluid (HTF) and thermal storage media. The two designs have equivalent generating and thermal energy storage capacities. The material content of the salt-HTF trough plant was approximately 25% lower than a comparably sized conventional oil-HTF parabolic trough plant. The significant reduction in oil, salt, metal, and insulation mass by switching to a salt-HTF design is expected to reduce the capital cost and LCOE for the parabolic trough system.
Summary
This study lists material composition data for two concentrating solar power (CSP) plant designs: a molten-salt power tower and a hypothetical parabolic trough plant, both of which employ a molten salt for the heat transfer fluid (HTF) and thermal storage media. The two designs have equivalent generating and thermal energy storage capacities. The material content of the salt-HTF trough plant was approximately 25% lower than a comparably sized conventional oil-HTF parabolic trough plant. The significant reduction in oil, salt, metal, and insulation mass by switching to a salt-HTF design is expected to reduce the capital cost and LCOE for the parabolic trough system.
The report relies primarily on data generated through two prior studies undertaken with WorleyParsons Group that estimated the material content of a molten-salt power tower [1] and oil-HTF parabolic trough plants [2] . New analysis is provided with regard to the material composition of the power tower solar field and the sizing of a salt-HTF trough solar field and HTF system. The overall embodied mass of the salt-HTF trough plant was slightly below that of the salt tower design. The similarity in the total mass of the two designs, combined with the inherent similarity in how the two plants would operate, suggests that salt-HTF trough plants could be competitive with molten-salt power towers if the technical hurdles of deploying salt in the solar field can be overcome. The potential cost and complexity of freeze protection and freeze recovery technology are viewed as having the greatest impact on the viability of salt-HTF troughs. The development of acceptable flexible connections that are compatible with molten salt has also been a challenge.
CSP plants are composed mainly of steel, glass, concrete and aggregate materials, which are abundantly available from domestic sources. This is true for most locations in the world where CSP plants might be deployed and is an attractive attribute of the technology with regards to its impact on the local economy. In the U.S., we estimate that 90% by mass and 79% by value of the commodity materials utilized in a CSP plant can be supplied by domestic sources.
Background and Motivation
The availability of critical materials is a concern for many renewable energy technologies. In general, CSP technologies do not rely on rare earth metals, lithium, or other materials viewed as having potentially restricted supply. Indeed, CSP plants are constructed mainly from steel and glass, which are abundant worldwide and frequently supplied by local sources. Consequently, the material composition, life-cycle cost, material source location, and economic impact of CSP plants could have a role in limiting or enhancing CSP deployment.
The cost of solar photovoltaics (PV) has dropped dramatically in recent years, and utility-scale PV now represents the lowest-cost method of generating solar power [3] . In response to this new reality, CSP's role in the solar-generation marketplace has switched from being the lowest-cost energy provider to being the technology that can provide dispatchable, high-value power based on the inclusion of thermal energy storage (TES). Quantifying the value of energy storage is complex and depends on the specifics of the grid into which the power is to be dispatched. Recent studies by NREL indicate that capacity value of CSP systems could be the key to their continued deployment [4] , [5] .
In addition to the advantage provided by thermal energy storage, CSP plants tend to have a much higher content of locally sourced materials than PV plants. That translates into greater benefit to the economy of the host country. This report seeks to further the understanding of that aspect of CSP plant design by building on previous assessments of the material content of state-of-the-art CSP plants [1] , [2] , and assessing the fraction of those materials likely to come from domestic suppliers. The report looks exclusively at plants that use solar salt as the HTF and thermal storage media: a molten-salt power tower and a hypothetical molten-salt parabolic trough plant.
The inclusion of thermal energy storage is viewed as an essential aspect to the commercial viability of CSP plants in the U.S. In addition, overall cost for the technology must continue to decline to be competitive with alternative generation methods. In late 2013, NREL updated its estimate of CSP technology costs for the U.S. Department of Energy. Consistent with other sources, the results show that molten-salt power tower systems have a significantly lower cost compared to the oil-HTF trough systems that were taken as the baseline technology in 2010 ( Figure 1) . These values were used to update the DOE SunShot program estimates for CSP cost [6] . The analysis depicted in Figure 1 reveals that molten-salt power towers offer a significant advantage in cost versus the traditional oil-HTF parabolic trough design. Several factors contribute to this:
• Power towers can achieve higher operating temperatures (approx. 565°C versus 390°C), which allows more efficient thermal-to-electric conversion in the power cycle;
• By using molten salt as the HTF and thermal storage media, the power tower system eliminates the need for oil-to-salt heat exchangers, thereby increasing TES efficiency and lowering equipment costs; • The higher operating temperature of power tower systems allows the TES system to span a wider temperature range, which greatly increases the energy storage per tonne of salt and reduces salt requirements per MWh th of storage.
Furthermore, while the 2010 trough cost numbers assumed a wet-cooled power plant, the 2013 tower values are based on the use of dry cooling. This switch reduces the water requirements for plant operation by 90% or more [7] , which is viewed as an essential element of deployment in the drought-stricken Southwest. The cycle-efficiency penalty for switching to dry cooling is lower for a power tower because of its higher operating temperature. The power tower advantages listed above are contingent on the ability to use a high-temperature HTF, such as solar salt, rather than oil as the HTF in the receiver. If trough systems could deploy the same or a similar molten-salt HTF, they could also take advantage of these attributes.
Various teams have explored the potential of using molten salt as the HTF in a parabolic trough plant [8] - [9] , and the 5-MW Archimede facility in Sicily is testing molten salt in troughs [10] . These industry studies have predicted that molten-salt HTF plants could reduce the LCOE of parabolic trough technology by approximately 15%. However, the challenge of dealing with extensive piping and receiver networks filled with molten salt have proven difficult to overcome, the major issues being the needed development of reliable flex-joints for the rotating troughs and the risk associated with potential freezing of the HTF network.
Approach
At present, the most common CSP technology is the parabolic trough utilizing a synthetic-oil HTF and operating at a solar-field outlet temperature of about 390°C, which is the maximum operating temperature of these oils. These plants have been deployed with TES in the form of a two-tank, indirect system that utilizes molten salt as the storage media, see Figure 2 . Photo courtesy Solar Millennium AG In contrast, the use of molten salt as the HTF with direct storage leads to greater efficiency and lower cost. In the present analysis we assume the power tower and parabolic trough plants employ this design. Solar salt, a blend of 60wt% sodium nitrate and 40wt% potassium nitrate, is the HTF and thermal storage media. Solar Salt is used in the Archimede molten-salt parabolic trough pilot test. The use of Solar Salt allows a straightforward comparison with molten-salt power towers and oil-trough plants using indirect TES with Solar Salt. Other salts might be better suited as the solar field HTF, but if direct TES is cost prohibitive some of the advantages of the molten-salt trough plant design are lost.
The subsystems of a power tower plant using this design are depicted in Figure 3 . This design is employed at Gemasolar in Spain and Crescent Dunes in the U.S. A molten-salt parabolic trough plant would have the same subsystems that are depicted in Figure 3 . An overview of the two plant designs is presented in Table 1 . 
Molten-Salt Parabolic Trough Plant
A parabolic trough plant using solar salt as the HTF was developed in NREL's System Advisor Model (SAM) version 2014-01-14. The starting point for the design was the dry-cooled parabolic trough plant modeled by WorleyParsons in 2010 for NREL's parabolic trough cost and life cycle assessment studies [2] , [11] . This starting design was modified in SAM by setting the solar field HTF to Solar Salt. This change causes SAM to automatically shift the thermal energy storage system to a direct 2-tank system because the thermal storage fluid now matches the field HTF. The power block operating temperature and TES temperatures were raised to the values noted in Table 1 . A target solar-field exit temperature of 500°C was selected based on prior analysis [12] [13]; this temperature is well within the operating bounds of Solar Salt. Other system variables, such as power block startup temperature and field freeze protection temperature were also raised.
The Solar Collector Assembly (SCA) was left at the SAM library value for the EuroTrough ET150, which was used in the prior analysis. However, the number of SCAs in a loop was expanded to six to accommodate the higher temperatures and properties of Solar Salt. The model assumes use of Schott's PTR80 for the solar receiver. The PTR80 has been proposed for use with large-aperture troughs (aperture > 5.5 m) such as the ET150 and SkyTrough. Receiver selection is an important consideration with high-temperature, large aperture troughs. A receiver diameter that is too large will lead to excessive heat loss, while one that is too small can negatively impact intercept factor and HTF pressure drop. In the present case, the estimated average heat loss at design conditions was raised from 190 W/m to 500 W/m, reflecting the higher average operating temperature of the receiver [14] . This value is used for initial system sizing; during a simulation, SAM calculates heat loss from the receivers based on fundamental heat transfer models developed by Forristall (see [15] ), thereby accounting for greater heat loss at the higher operating temperatures.
The gross power block efficiency was raised to 0.395, representative of the improvement one may expect when turbine inlet temperature is increased to 490°C [12] . The dry-cooling conditions were left unchanged from the prior WorleyParsons-study assumptions.
A comparison of the conventional oil-HTF trough plant and the new salt-HTF trough plant is informative. Table 2 shows a high-level comparison of the two plants. Power block and thermal storage capacity are equivalent. The most obvious changes are a slight decrease in the solar aperture area and a drastic decrease in TES mass. These changes result from the increased power block efficiency and the larger temperature differential across the TES system. The cost impacts of these changes would be a large drop in TES cost per kWh th , a slight drop in absolute solar field cost, and an increase in power block cost due to the higher operating temperature, which necessitates more robust materials. One change that is not obvious from the general SAM outputs is a significant decrease in HTF system size (and cost). This results from the different physical properties of the two HTFs. The impact is summarized in Table 3 . Even accounting for the need to use stainless steel rather than carbon steel for the hot header piping, the switch to a salt HTF leads to a substantial decrease in HTF system cost due to the lesser amounts of steel, HTF, and insulation that are required. There is also an approximately threefold decrease in the amount of energy required for the HTF pumps. A missing component in this analysis is the risk associated with potential salt freezing and the cost of mitigating that risk. Abengoa Solar reported that conventional heat-tracing/freezerecovery costs could negate much of the potential capital cost savings in a salt-HTF System [16] .
Fraunhofer reported similar findings [13] . A low-melting salt would provide a clear advantage in this regard, assuming one maintains high-temperature thermal stability and reasonable cost. As yet no formulation has emerged as a satisfactory candidate and most research still assumes Solar Salt or some related nitrate/nitrite salt variation as the leading contender for use in a salt-HTF trough facility. Researchers at Fraunhofer suggest that residual, otherwise unusable, energy from a thermocline storage system could provide freeze protection energy [17] ; however, freezerecovery hardware would likely still be required. One path is to use a low-melting (but more expensive) salt as the HTF and retain Solar Salt as the TES media. However, unless a salt with a near-ambient melting point is developed, this approach may be ineffective as heat tracing may still be deemed necessary.
It is important to note that, unlike water, molten salts contract when freezing and expand when thawing. Thus, the act of freezing generally does not damage the piping systems. It is the thawing process that must be carefully controlled to avoid any permanent deformation on the piping and receivers.
Molten-Salt Power Tower Plant
The molten-salt power tower conceptual design (see Figure 3 ) was taken directly from NREL's prior analysis that was performed with WorleyParsons [1] . This included development of a SAM model representing the plant, which was updated to SAM 2014-01-14 in this work. The previous work developed a heat & mass balance of the major HTF, feedwater and steam generation systems to establish design flow, temperature and pressure parameters for the associated equipment and piping. A process flow schematic of the major plant systems is provided in Figure 4 .
For the receiver design, NREL provided the thermal-transfer capacity, panel quantity, diameter, and height of the solar receiver and also the panel tube diameter, wall thickness, and solar absorption length. Tube quantities per panel were calculated from these data, and structures were designed to support the panel tubes and headers. An additional structure attached to the top of the tower was designed to support the panels, boom crane, salt inlet vessel, salt outlet vessel, salt overflow vessel, and other auxiliary receiver equipment. A concrete tower was designed based on the seismic criteria and typical soils found in the Tucson, AZ area. The weight of the receiver and equipment, salt piping, heat tracing, insulation, instrumentation, and wiring was calculated to determine the design load on top of and inside of the concrete tower. The tower and receiver included stairs, platforms, and elevators for personnel and equipment.
The prior WorleyParsons analysis did not include material data for the solar field. In the present work NREL estimates the mass of the solar field assuming deployment of BrightSource Energy's LH-2.2 heliostat. This design is used at the Ivanpah Solar Electric Generating System in southern California, and represents a modern, high-production-volume design. Approximately 173,000 heliostats are installed at the 3-tower site ( Figure 5 ). The LH-2.2 design uses two glass panels, each 230 cm x 330 cm, for a total reflector area of 15.2 m 2 . The unit is constructed primarily of steel and glass. NREL estimated the weight of the heliostat, including the mounting pylon, based on published information related to the structural design, e.g., [18] , [19] , [20] and inclusion of a representative 2-axis drive system. The heliostat pylons are physically driven into the ground and do not use concrete foundations. The solar field mass composition is presented in the following section. 
Plant Materials
The total mass of materials associated with the two molten-salt plant designs is shown in Table  4 . A listing by subsystem is provided in Table 5 . The values for the conventional oil-HTF parabolic trough plant are also shown for comparison. As noted in the previous discussion, these plants are nominally the same capacity and generate approximately the same amount of energy per year. The material savings associated with the switch from an oil-HTF to a molten-salt HTF is clearly shown, with the majority of the savings coming from the change in fluid requirements, i.e., oil vs. molten salt.
Differences in the structure of the two prior WorleyParsons analyses lead to some inconsistencies in how the data are reported. For example, the original analysis of the oil-HTF parabolic trough plant included the steam generator train and power block in the same subsystem [11] . This was separated in the power tower analysis [1] , following the convention established in previous power tower studies [21] . Because the salt-HTF trough plant operates at conditions more similar to the molten-salt power tower, the material values for the power tower design were used for the power block and steam generator subsystems in the salt-HTF trough plant. Similarly, the TES system for the salt-HTF trough plant was scaled linearly from the power tower TES data, based on the amount of required salt estimated within the two SAM models. 
Water Consumption
Water consumption during material manufacturing, plant construction, plant operations, and decommissioning & deconstruction were estimated for oil-HTF parabolic trough plants [2] . Water consumption during operations was also estimated for a molten-salt power tower [1] . The summary results of these two studies are shown in Table 6 . Burkhardt et al. [2] , examined embedded water consumption in more detail, including, for example, water consumed offsite in support of O&M activities at the plant. The power tower study included only mirror washing, steam cycle makeup water, and auxiliary cooling water consumption. * Data for a dry-cooled, molten-salt trough plant were not estimated, but are expected to be similar to that for a dry-cooled, molten-salt power tower.
Material Value and Embodied Domestic Jobs
The dollar value of the primary materials in the plants is estimated based on market prices for the different commodities. These values are obtained from various sources including: USGS yearbook reports [22] , online commodity brokers, trade publications, etc. Values are adjusted to the 2013 cost year using the Chemical Engineering Plant Cost Index (CEPCI). In addition, an estimate is made of the fraction of the U.S. domestic supply represented by the mass required in each nominal 100-MW e plant.
The number of domestic jobs associated with each commodity is estimated using the Bureau of Economic Analysis (BEA) input-output industry accounts (http://bea.gov/iTable/index_industry_io.cfm). These accounts are used to estimate the jobs tied to a specific value of activity in a given industry. BEA's industry accounts are used extensively by policymakers and businesses to understand industry interactions, productivity trends, and the changing structure of the U.S. economy. Two types of jobs are reported: direct jobs which result from the manufacturing of the specific commodity, and indirect jobs, which are created in the economy as a result of the primary manufacturing activity. The estimated job creation associated with the two CSP plant types are shown in Table 7 and Table 8 . It should be noted that the jobs listed in the tables are associated with production of the commodity materials that make up the plant. Plant construction and operating jobs are not part of this report. Other studies have estimated construction and operating jobs associated with solar power systems, although reliable data are often difficult to obtain [23] . A recent analysis estimated substantial net job creation from a shift away from fossil energy to renewable energy sources [24] .
With the exception of the nitrate thermal storage salts -and possibly solar glass -the materials used in the CSP plants are produced in the U.S. in volumes that can easily support the construction of multiple plants per year. The nitrate salts are a worldwide commodity that are primarily supplied from mines in Chile. The nitrates can be manufactured from natural gas in a process that is similar to the manufacturing of ammonia fertilizer, but solar plants have historically purchased the mined product. It may be interesting to explore how the price of natural gas in the U.S. affects this market dynamic, although it has also been shown that manufacturing of synthetic nitrate salts has a much larger carbon footprint than the mined salts [2] . Figure 6 shows a graphical comparison of the embodied mass and estimated material value for each design. By far the largest impact is due to the decrease in molten salt and oil HTF when one moves to the salt-HTF systems. Lesser effects are seen in the decrease in solar field size, which is also reflected in the lesser amount of sand and gravel for the site. The use of stainless and high-Ni alloy steel increases for the plants with high-temperature salt. 
Material Suppliers and Manufacturers of CSP Components

Conclusions
This study compiled material composition data for a molten-salt power tower and hypothetical molten-salt-HTF parabolic trough plant. The former design is commercial and the latter has reached pilot-scale stage in the form of the Archimede plant in Italy. The analysis sized both plants for similar power production (103 MW e ) and thermal storage (6 hours) capacity. The material composition of the salt-HTF trough plant was approximately 25% lower than a comparably sized conventional oil-HTF parabolic trough plant. Although cost analysis was not part of this project scope, the significant reduction in oil, salt, metal, and insulation mass by switching to a salt-HTF design is expected to reduce the capital cost and LCOE for the parabolic trough system.
The overall embodied mass of the salt-HTF trough plant was slightly below that of the salt tower design. The similarity in the total mass of the two designs, along with their similar power generation profiles and operating requirements, suggests that salt-HTF trough plants could be competitive with molten-salt power towers if the technical hurdles of deploying salt in the solar field can be overcome. Parabolic tough systems have other advantages, such as modularity, no concerns related to reflected sunlight or towers affecting birds or aircraft, and a more extensive operating record, that could influence technology selection. However, questions remain regarding the potential cost and complexity of freeze protection and freeze recovery technology for salt-HTF troughs.
The most unique of the materials with respect to potential sources is the nitrate solar salt. The largest supply of nitrate salt is from the Atacama Desert in Chile. Alternative salts based on chlorides or carbonates would be more universally accessible, but the selection of salt is dominated by the thermo-physical properties of the salt, and thus far no material has been able to supplant the nitrates. Nitrate salts can be produced synthetically from natural gas, which may be a viable domestic option with sufficiently low gas prices. Appendix A -Financial assumptions used to estimate LCOE in Figure 1 The analysis results depicted below were generated using SAM 2013-09-20. 
Nomenclature
